Using ab initio evolutionary methodology for crystal structure prediction, we have found two ultraincompressible hexagonal structures of P6 3 / mmc and P-6m2 of WN 2 , which are energetically much superior to previously proposed baddeleyite-and cotunnite-type structures and stable against decomposition into a mixture of W + N 2 or WN+ 1 / 2N 2 . The calculated large bulk modulus ͑e.g., 411 GPa͒ and high hardness ͑36.8 GPa for P6 3 / mmc and 36.6 GPa for P-6m2͒ reveal that they are ultra-incompressible and hard materials. The ultra-incompressibility is attributed to a staking of N-W-N "sandwiches" layers linked by strong covalent N-N single bonding. Thermodynamic study suggests that these phases are synthesizable at above 30 GPa.
I. INTRODUCTION
Solid nitrides have been the subject of intense experimental and theoretical studies due to their technological and fundamental importance. [1] [2] [3] Transition metals were previously known to hardly form nitrides with high nitrogen content. Until recently, platinum-metal ͑e.g., Pt, Ir, Os, and Pd͒ dinitrides were successfully synthesized under extreme conditions of high pressure and temperature. [4] [5] [6] [7] Except for PdN 2 all these nitrides can be quenched and stabilized to ambient conditions and possess outstanding mechanical properties ͑e.g., an ultrahigh bulk modulus of 428 GPa for IrN 2 ͒. The anomalously low compressibility of these nitrides, comparable to that of c-BN, suggests that they are potential ͑super͒hard materials. The crystal structures for these nitrides have been extensively studied [8] [9] [10] [11] [12] [13] [14] and the consensus appears to be that the origin of their incompressibility derives mainly from the directional bonding of interstitial dinitrogen. Are there other ͑super͒hard transitional metal dinitrides? Results are worth the effort. Here, the crystal structures of WN 2 were extensively explored over a wide range of pressures.
To date, WN 2 has not been synthesized in crystalline form. For a long time it has been theoretically suggested to adopt a fluorite-type structure. 15 However, Peter et al. 16 recently proposed two structures of baddeleyite and cotunnite types, which are energetically much superior to the fluoritetype structure and exhibit ultrahigh bulk modulus ͑e.g., 408 GPa for cotunnite WN 2 ͒. Interestingly, these structures do not contain the dinitrogen, in contrast to the known structures of the platinum-metal dinitrides. The calculated pressure-temperature phase diagram suggested that these two crystalline forms can be synthesized at pressure above 31 GPa at 2800 K. 16 However, the proposed two structures were based on educated guesses from structures known for other materials. There is a possibility that hitherto unsuspected structures are stable instead and the picture of chemical bonding in this nitride will change fundamentally. Therefore, we have extensively explored the crystal structures of WN 2 over a wide range of pressures ͑0-60 GPa͒ using a newly developed approach, [17] [18] [19] [20] merging ab initio simulations and a specifically developed evolutionary algorithm for crystal structure prediction. This method has been very successful in predicting the unknown structures with the only information of chemical compositions. [21] [22] [23] [24] [25] [26] A stable hexagonal P6 3 / mmc structure and a metastable P-6m2 structure both possessing dinitrogen are predicted and energetically much favorable than those of the baddeleyite-and cotunnite-type structures. The two structures are ultra-incompressible and have not been reported in any other compounds.
II. COMPUTATIONAL DETAILS
The evolutionary variable-cell simulations were performed at 0 and 60 GPa with systems containing 1, 2, 3, and 4 f.u. in the simulation cell using the USPEX code. [17] [18] [19] [20] The underlying ab initio calculations were carried out using density-functional theory within both the generalized gradient approximation 27 ͑GGA͒ and the local-density approximation 28 ͑LDA͒ as implemented in the Vienna ab initio simulation package. 29 The all-electron projector augmented wave 30, 31 ͑PAW͒ method was adopted with the PAW potential of the metal atoms including d electrons as valence states. The cutoff energy ͑520 eV͒ for the expansion of the wave function into plane waves and Monkhorst-Pack k points meshes were chosen to ensure that all the structures are well converged to better than 1 meV/f.u. 32 During the subsequent geometrical optimization, all forces on atoms were converged to less than 0.001 eV/ Å and the total stress tensor was reduced to the order of 0.01 GPa. Elastic constants were calculated by the strain-stress method and the polycrystalline bulk modulus and shear modulus were thus derived from the Voigt-Reuss-Hill averaging scheme.
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III. RESULTS AND DISCUSSION
We obtained the hexagonal P6 3 / mmc and P-6m2 structures at both pressures from evolutionary structural search. Specifically, the hexagonal P6 3 / mmc structure is derived at the eleventh generation ͑15 structures per generation͒ in the 2 f.u. simulation at 0 GPa and the P-6m2 structure can be arrived at the eighth generation ͑15 structures per generation͒ in the 1 f.u. simulation at 0 GPa. Polyhedral views of both structures ͑Fig. 1͒ reveal an intriguing N-W-N sandwiches stacking order. In both structures, N atoms form hexagonal planes alternatively. In every pair of congruent planes, there are edge-sharing trigonal prisms which contain W atoms and form the sandwiches layer. The W atoms adopt a hexagonal close-packed ͑hcp͒ pattern ABAB for P6 3 / mmc and a simple hexagonal ͑sh͒ arrangement AA for P-6m2. Interestingly, the sandwich-type stacking in these two structures seems to be similar to that in MoS 2 structure. 34 However the S-S distance ͑3.66 Å͒ between the S-Mo-S sandwiches in MoS 2 structure is very large and approximately equals to the sum of two radii of S 2− ions. The only attractive forces between the sandwiches in MoS 2 structure are weak van der Waals interactions, and they can easily slip as in graphite. On the contrary, the N-N bond lengths in these two polymorphs ͑Table I͒ are close to the value of ϳ1.4 Å observed in OsN 2 and PtN 2 , 4,6 consistent with a typical N-N single bond ͑1.45 Å in N 2 H 4 ͒ but much longer than the double bond ͑1.21 Å for N 2 F 2 ͒ and triple bond ͑1.09 Å for N 2 ͒. Previous studies 13 have shown that an important stabilizing effect in platinummetal dinitride comes from the strong covalent N-N bonding, which is comparable to the C-C bonding in diamond. Here, by reinforcing the links of the N-W-N sandwiches layers, this strong covalent N-N bonding also provides a strengthening effect to make the material possess very low compressibility ͑ut infra͒. These two structures do not have analogs in other compounds; however, the P6 3 / mmc and P-6m2 structures can be viewed as NiAs-type and WC-type structures with dinitrogen occupying the Ni and C positions, respectively. The dynamical stabilities of the two structures have been confirmed by analysis of the calculated phonondispersion curves in the pressure range of 0-60 GPa. No any imaginary phonon frequency was found in the whole Brillouin zone.
The enthalpy curves for different structures relative to P6 3 / mmc are shown in Fig. 2͑a͒ . It can be clearly seen that the two predicted structures with very similar enthalpies are much more favorable than earlier structures in the whole pressure range. It is important to note that the enthalpy difference ͑per f.u.͒ of P-6m2 relative to P6 3 / mmc is only 1.3 meV ͑10.5 meV͒ at ambient pressure and increases linearly with pressure up to 10.5 meV ͑19.3 meV͒ at 60 GPa within GGA ͑LDA͒, as shown in Fig. 2͑b͒ . This behavior is mainly originated from the difference in PV works ͓Fig. 2͑c͔͒ or volumes between the two structures. Note that the hcp arrangement of W atoms lead to a more economic space filling in P6 3 / mmc than that of P-6m2 with W atoms possessing the sh pattern. As a result, P-6m2 structure has a larger volume to sacrifice its enthalpy.
The thermodynamic stability of the two structures at ambient pressure with respect to the decomposition was quantified in terms of the formation enthalpies of two reaction routes: 
͑2͒
The body-centered-cubic W, NiAs-type WN, and ␣ phase N 2 were chosen as the reference phases. Results obtained by the two reaction routes within both GGA and LDA have demonstrated the stability against the decomposition into the mixture of W + N 2 or WN+ 1 / 2N 2 ͑Table I͒. Syntheses of these two polymorphs are thus desirable. However, one must take a caution in the experiment in view of the existence of large energy barriers in the formation of nitrides. For example, the predicted formation pressures within GGA for the IrN 2 and PtN 2 are 17 and 15 GPa, respectively, while in experiments, the synthesis pressures for both materials approach 50 GPa. [4] [5] [6] It is suggested that for the 5d transition-metal dinitrides, [4] [5] [6] [7] GGA predicts formation pressures in ϳ30 GPa lower than the experimental ones. Thus, syntheses of the two polymorphs could be expected above 30 GPa.
The partial densities of states of the two phases were plotted in Fig. 3 . Both phases are semiconductors characterized by energy gaps of ϳ1.2 eV for GGA ͑ϳ1.4 eV for LDA͒. Since density-functional calculations typically underestimate energy gap within 30%-50%, the true band gap might be located in the region of 1.6-2.1 eV for optical applications. It was also suggested that W 5d orbital has a significant hybridization with N 2p orbital, signifying the strong W-N covalent bonding nature within the sandwiches layers, which has been further confirmed by our simulated electron-density distributions.
The elastic constant c 33 measures the c-direction resistance to linear compression. The large c 33 ͑973 GPa for GGA͒ in the two structures manifests that the c-axial direction is extremely stiff and the anisotropic factor, A shear =2c 44 / ͑c 11 − c 12 ͒Ϸ1.2, indicates an anisotropy in shear. Both phases exhibit very high bulk modulus ͑364 GPa within GGA͒ indicating ultra-incompressible structural nature. For the partially covalent transition-metal-based hard materials, the polycrystalline shear modulus has been considered as very important parameter, governing the indentation hardness. 35 Remarkably, the calculated polycrystalline shear modulus are very large, 228 GPa for P6 3 / mmc and 231 GPa for P-6m2 within GGA. Thus, the two phases are expected to withstand shear strain to a large extent and are harder than many known hard materials ͑such as TiN, ZrC, and Al 2 O 3 ͒. 35 Indeed, the estimated theoretical Vickers hardness for the P6 3 / mmc and P-6m2 structures by using Simunek's method 36 are 36.8 GPa and 36.6 GPa, respectively, which beyond the hardness values of ␣-SiO 2 ͑30.6 GPa͒ and ␤-Si 3 N 4 ͑30.3 GPa͒. 37 We attribute the excellent mechanical properties of the two phases to the stacking of N-W-N sandwiches layers linked through strong covalent N-N single bonds.
IV. CONCLUSION
In summary, we have predicted two ultra-incompressible hexagonal P6 3 / mmc and P-6m2 phases of WN 2 through the developed evolutionary algorithm. The strong covalent N-N single bonding in these two phases analogizing to the newly synthesized platinum-metal dinitrides is one of the key to understand the anomalously low compressibility. These two polymorphs have been demonstrated to be synthesizable at high pressure. Despite the low x-ray scattering contribution of the N atoms relative to the W atoms, the two hexagonal phases with W atoms form hcp and sh sublattices will be easy to detect. 
